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Line-mixing effects have been studied in the n3 band of CH4 perturbed by N2 at room temperature.
New measurements have been made and a model is proposed which is not, for the first time, strictly
empirical. Three different experimental set ups have been used in order to measure absorption in the
2800–3200 cm21 spectral region for total pressures in the 0.25–2 and 25–80 atm ranges. Analysis
of the spectra demonstrates the significant influence of line mixing on the shape of the Q branch and
of the P and R manifolds. A model is proposed which is based on state-to-state collisional transfer
rates calculated from the intermolecular potential surface with a semiclassical approach. The
line-coupling relaxation matrix is constructed from these data and two additional parameters which
are fitted on measured absorption. Comparisons between measurements and spectra computed
accounting for and neglecting line mixing are made. They prove the quality of the approach which
satisfactory accounts for the effects of pressure and of rotational quantum numbers on the spectral
shape under conditions where modifications introduced by line mixing are important. For high
rotational quantum number lines, the main features induced by collisions are predicted but some
discrepancies remain; the latter may be due to improper line-coupling elements but there is strong
evidence that the use of inaccurate line broadening parameters also contributes to errors in
calculated spectra. © 1999 American Institute of Physics. @S0021-9606~99!00116-6#I. INTRODUCTION
Methane is present in our atmosphere and in those of
planets such as Jupiter. Knowledge of the associated
amounts ~mixing ratios! is required for the understanding of
processes such as ozone depletion, global warming, or the
formation of giant planets. The vertical distributions of CH4
~or integrated total column amounts! are generally deter-
mined by using remote sensing infrared experiments ~e.g.,
Refs. 1–3!. The quality of the retrieved quantities relies on
the precision of the forward modeling of the magnitude and
shape of the absorption. For these reasons, the last years have
been the witnesses of an increasing number of experimental
and theoretical studies on the spectroscopic parameters of
methane ~see Ref. 4, and references therein!. Much attention
has been given to the line positions and intensities as well as
a!Author to whom correspondence should be addressed. Tel: 33169157514;
Fax: 33169157530; electronic mail: jean-michel.hartmann@lpma.u-psud.fr7710021-9606/99/110(16)/7717/16/$15.00
Downloaded 03 Sep 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstractto the collisional parameters of isolated lines ~pressure-
broadening and -shifting coefficients!. On the other hand,
only few results are available concerning the effects of line
mixing on the spectral shape, although the total pressure in
the troposphere and lower stratosphere is sufficiently high to
make the usual addition of Voigt ~Lorentz! shapes inad-
equate.
To our knowledge, the first work evidencing line-mixing
effects in CH4 is a Raman study of the 2n2 Q branch.5 In the
infrared region, Pine reported a study6 of the Q branch of the
n3 band of CH4 where he remarked that the addition of in-
dividual ~Voigt and Rautian! line contributions failed in fit-
ting the absorption above a few tenths of a bar. This problem
was attributed to line mixing without further analysis. Latter
on, multispectrum fits of high resolution Fourier transform
spectra in the n3 region7 were improved by introducing line
mixing using the first order approach of Rosenkranz;8 line-
broadening and line-shifting coefficients were obtained with7 © 1999 American Institute of Physics
. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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Downloaded 03 Sep 2013 toTABLE I. Groups and laboratory instruments involved in the measurements.
Group!location
G1
LPMA-Orsay
G2
LPMA-Paris
G3
IEM-Madrid
Instrument FT ~Bruker IFS66V! FT ~homemade! TDFS
Used resolution 0.12 cm21 '0.01 cm21 '1024 cm21
Pathlength ~cm! 4.78–215 407–2007 64.5
P(CH4) range ~mb! 0.03–13 0.04–8 0.1–36
P(N2) ~atm! 25,50,80 0.5,1.0 0.25,0.5,1.,2.
Regions P,Q,R for J<18 P,Q,R for J<15 R for J58,10,12,14,16increased precision but no quantitative information was pub-
lished on line coupling. The first study providing data in
order to account for line mixing is given in Ref. 9. In this
work, N2 and Ar broadened spectra of the n3 P- and
R-branch manifolds for J<10 were recorded at pressures
below the atmosphere. They were fitted using the Rosen-
kranz perturbation treatment and neglecting10 coupling be-
tween transitions of different nuclear spin symmetries. This
pioneer work, although strictly empirical, proposed the first
self sufficient set of parameters for absorption calculations
accounting for line mixing. Very recently, Benner et al.11
further extended their multispectrum fitting technique by in-
cluding line mixing using the full relaxation operator; the
resulting approach has the advantage of remaining valid at
pressures where the Rosenkranz approximation breaks down.
A very large work was carried out,11 in which over 40 spec-
tra of the self- and air-broadened n3 band were treated, fit-
ting some diagonal and off-diagonal elements of the relax-
ation matrix. This study confirms that mixing between states
of different nuclear spin symmetry is negligible and brings
interesting indications on some possible collisional selection
rules, which are discussed in this paper. Again, this approach
is strictly empirical but it leads to very good agreement with
measured data and, contrary to the first order development, it
is not limited to low pressures.
The present paper is, to our knowledge, the first in which
a comprehensive theoretical approach is proposed for line-
mixing effects in infrared bands of methane. New measure-
ments have been made in the n3 band of CH4–N2 mixtures at
room temperature. These include low pressure ~<2 atm! ex-
periments quite similar to those of Refs. 9, 11 and more
original measurements at elevated density ~.25 atm!. In the
model proposed, the off-diagonal elements of the relaxation
matrix, which account for line coupling, are constructed
starting from state-to-state rotational transfer rates. The latter
are computed from the intermolecular interaction potential
energy surface by using a semiclassical model.12 Connection
between state-to-state data and the line-mixing coefficients is
made by introducing two empirical parameters whose values
are determined by a fit of a single high pressure spectrum.
Comparisons of computed results with the numerous other
laboratory measurements demonstrate the quality of the
model under conditions where the influence of line mixing
on the absorption shape is large. In particular, the evolution
of the absorption shape with the pressure and rotational
quantum number J are correctly predicted. Some discrepan- 161.111.22.173. This article is copyrighted as indicated in the abstractcies which appear for high J R lines are discussed. The re-
mainder of the paper is organized as follows: the laboratory
experiments are described in Sec. II. Sections III and IV
present the model and the data used. Comparison between
computed and recorded spectra are discussed in Sec. V.
II. EXPERIMENT
Measurements of absorption by CH4–N2 mixtures have
been made at room temperature by the groups and instru-
ments listed in Table I where the experimental conditions are
summarized. A large pressure range has been covered, in-
cluding two series for ‘‘high’’ ~25–80 atm! and ‘‘low’’
~0.25–2.0 atm! pressures, respectively. The first set is char-
acterized by the fact that the lines inside each cluster ~Q
branch and manifolds! strongly overlap and merge into a
smooth envelop; the fine spectral structure is then masked by
the influence of collisions. The spectra show strong line-
mixing effects but bring no detailed information on what
happens inside the merged absorption features. On the other
hand, most of the fine structure remains discernible in the
low pressure measurements. This provides precious addi-
tional information and a further test of the model although
modifications induced by line mixing are less spectacular
than at elevated pressure. Since all studied gas samples con-
tain small mixing ratios of methane, the contribution of
CH4–CH4 interactions is negligible. Pressure normalized ab-
sorption (a/PCH4 in cm
21/atm! is thus presented and the the-
oretical analysis only accounts for CH4–N2 collisions. Fi-
nally, note that the low pressure FT and TDFS spectra are in
good agreement and that the measurements made in Madrid
are similar to those of Ref. 9 but extend the pressure ~up to 2
atm! and rotational quantum number ~up to J516) ranges.
Note that measured spectra were corrected in order to get rid
of possible errors in the line intensities and of uncertainties
on the partial pressures of methane used. This was done as in
Ref. 13 by multiplying experimental results by a constant
factor such that the measured and computed values of inte-
grated absorption match.
A. High pressure FT spectra in Orsay
The high pressure experiments have been carried at the
LPMA in Orsay, with a Bruker IFS66V Fourier transform
spectrometer. The entire n3 band of CH4 perturbed by N2 at
ambient temperature was recorded with a resolution of 0.12
cm21 ~full-width at half-maximum! using a water cooled SiC. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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and 215 cm have been used, in order to study both strong and
weak absorption regions. The detector is a room temperature
DTGS element for internal measurements ~compartment!
with the short cell. A liquid nitrogen cooled InSb detector
was used for the external measurements with the long cell.
The pressures above 5 atm were measured with several
adapted piezoresistive pressure transducers. Low pressure
measurements were performed by using capacitive dia-
phragm type pressure transducers designed for 0–10, 0–100,
and 1–1000 Torr ranges. High purity CH4 ~.99.9995%! and
N2 ~.99.9999%! gases were used without further purifica-
tion. Very small relative amounts of CH4 have been used
~see Table I! and spectra were recorded about 12 h after intro-
ducing the gases in the cell. This insured a good mixing of
the components that was successfully checked by comparing
different spectra.
In order to achieve good accuracy on absorption coeffi-
cients in a wide range, transmission spectra with different
CH4 partial pressure were recorded for each value of the total
pressure. For each spectrum, we extracted the relevant infor-
mation in the spectral window when the transmission was
between 0.2 and 0.8, and we reconstructed the ‘‘whole’’ n3
band absorption coefficient for the three total pressures ~25,
50, and 80 atm!.
B. Low pressure FT spectra in Paris
Nitrogen broadened spectra of methane have been re-
corded with the Fourier transform spectrometer built at the
LPMA in Paris.14 The White cell has a one meter baselength
and was filled with binary gas mixtures at pressures of about
0.5 and 1 atm. Experiments were made with CH4 pressures
between about 0.03 and 6 Torr using path lengths of 4 and 20
m. This provided low optical thickness measurements for the
study of the central absorption shape as well as optically
thick media for the study of the wings. The lowest CH4 par-
tial pressures have been performed using for the fillings of
the White cell a preliminary diluted sample by N2 with a
CH4 concentration of 5%. A Datametrics pressure transducer
has been used for the measurements below 10 Torr with an
accuracy in order of 0.5%; while, for the total pressure mea-
surements, a Texas Instrument Bourdon gauge with one at-
mosphere range has been employed giving an absolute accu-
racy of 0.03 Torr. A maximum optical path difference giving
a response function width at least three times narrower than
the absorption lines has been used to optimize the signal to
noise ratio and the distortion effect of the spectrometer reso-
lution. The studied spectral range is delimited by an optical
filter in front of the InSb detector and extends from 2400
cm21 to 3700 cm21. Before each record, an empty cell spec-
trum allows to compensate the variation of the incident in-
tensity coming from the source and detector efficiencies and
residual channeling.
C. Low pressure TDFS spectra in Madrid
Spectra of the R(8), R(10), R(12), R(14), and R(16)
manifolds have been recorded with the tunable difference
frequency spectrometer at the IEM in Madrid.15,16 About 1Downloaded 03 Sep 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstractmW of cw tunable IR radiation is generated by difference
frequency mixing, in a LiNbO3 crystal, the outputs of an Ar1
laser ~single mode, tuned to the 488 nm line!, actively fre-
quency stabilized and locked to a 130Te2 sub-Doppler
transition,17 and of a ring dye laser operated with rhodamine
6G. The internal precision of the frequency scale and the
instrumental resolution are both ;1024 cm21. The infrared
beam was splitted into two paths ~one traveling through the
cell to an InSb detector and the other traveling in the air to
another InSb detector! and the signals ratioed out to compen-
sate unwanted IR power fluctuations. The stainless steel cell
used had 645 mm pathlength and was fitted with CaF2
wedges. Pressures were read with a capacitance manometer
designed for the 0.1–1330 mbar range, with a resolution of
0.1 mbar and an accuracy of 0.5% of the reading. The pres-
sure gauge was mounted on the cell body to continuously
monitor any possible pressure evolution, except for the 2 atm
measurements that were out of gauge range. In these cases
the pressure was measured after the recording of the spec-
trum by expanding the cell content into a calibrated volume.
The gases were supplied by Air Liquide and used without
further purification ~nominal purities were CH4: 99.95%, N2:
99.995%!. The mixtures at 10 atm pressure were prepared in
sample cylinders at least one day before the experiments
with approximately 0.04 to 1.8% of CH4 in N2, depending on
the maximum absorption intensity of each manifold.
Measurements were made as follows: an empty cell
spectrum was recorded first, then the gas mixture was added
up to the highest pressure to be measured and subsequent
spectra recorded pumping out part of the mixture, in a nomi-
nal sequence of 2000, 1000, 500, 250 mbar. Another empty
cell spectrum was finally recorded. All spectral traces are
frequency linearized, calibrated and ratioed against an aver-
age of the empty cell spectra. Frequency scale linearization is
done by interpolation between the frequency markers pro-
duced by a confocal Fabry–Perot interferometer ~finesse
150, free spectral range 0.004 998 5~2! cm21! in a fraction of
the ring dye laser.
III. THEORETICAL MODEL
A. Absorption coefficient
Consider a mixture of CH4 in N2 ~collision partner, in-
frared inactive!, of respective partial pressures PCH4 and PN2
(PCH4!PN2) at temperature T. Within the impact and binary
collisions formulation of the spectral shape, the absorption
coefficient a in the infrared region studied here, accounting
for line mixing at wave number s is given by18,19 @Note, that
in the correct expression a hyperbolic tangent and the sum of
the lower and upper states populations appear. The terms in
Eq. ~1! should then be multiplied by (11e2hcsk /kBT)/(1
1e2hcs/kBT) but this correction is negligible in the mid-
infrared region studied here.#. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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5
8p2s
3hc @12exp~2hcs/kBT !#
3PCH4ImH(k (k8 rk~T !dkdk8
3^^k8u@S2L02iPN2W~T !#
21uk&&J . ~1!
The sums in Eq. ~1! include all absorption lines k and k8, and
Im$fl% denotes the imaginary part. rk and dk are, respec-
tively, the fractional population of the initial level of line k
and the dipole transition moment. S, L0, and W are opera-
tors in the ~Liouville! line space. The first two are diagonal,
associated with the scanning wavenumber s and with the
positions sk of the unperturbed lines, i.e.,
^^k8uSuk&&5s3dk ,k8 , ^^k8uL0uk&&5sk3dk ,k8 . ~2!
The relaxation operator W contains all the influence of col-
lisions on the spectral shape. It depends on the band, on the
temperature, and on the collision partner. Its off-diagonal
elements account for interference between absorption lines,
whereas the diagonal terms are the pressure-broadening (gk)
and -shifting (dk) coefficients of the isolated lines, i.e.,
^^kuW~T !uk&&5gk~T !2idk~T !. ~3!
When line mixing is disregarded, the off-diagonal elements
of W are neglected and Eq. ~1! reduces to the addition of
Lorentzian line contributions, i.e.,
aNo LM~s ,PCH4 ,PN2 ,T !
5s@12exp~2hcs/kBT !#3PCH4
3(
k
Sk~T !
sk@12exp~2hcsk /kBT !#
3
1
p
3
PN2gk~T !
@s2sk2PN2dk~T !#
21@PN2gk~T !#
2 , ~4!
where the integrated intensity Sk of line k is given by
Sk~T !5
8p3
3hc sk@12exp~2hcsk /kBT !#rk~T !dk
2
. ~5!
B. Relaxation operator
In the present work, the real part of the off-diagonal
elements of W is constructed starting from state-to-state col-
lisional rates. This is not straightforward since the latter in-
volve two quantum states only whereas the line-coupling
terms depend on four ~lower and upper levels of the k and k8
lines!. In order to connect both quantities, empirical factors
are generally introduced ~e.g., in N2O,20 CO2,20,21 O3,22...!
which somehow account for the influence of the types
~P,Q,R! of the lines considered. Within this approach, the
real element of the relaxation operator coupling lines k and
k8 is given byDownloaded 03 Sep 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstractRe$^^k8uW~T !uk&&%52A~k8,k !3Kik8 ik~T !
(for kÞk8), ~6!
where Kik8 ik(T) is the collisional transfer rate from the
lower level ik of line k to the lower level ik8 of line k8. Note
that these parameters, as the elements of W, satisfy the de-
tailed balance principle and some selection rules ~e.g., no
collisional transfer between states of different nuclear spin!.
The parameters A(k8,k) introduced in Eq. ~6! connect the
state-to-state rates to the off-diagonal W matrix elements. In
order to simplify the problem, three steps are used; ~i! we
first make the approximation that A(k8,k) depends on the
branches ~i.e., P, Q, or R! to which k and k8 belong but not
on the quantum numbers of the lines themselves. At this
step, there are nine parameters left, @A(X ,Y ), with X ,Y
5P , Q, or R# which take into account the fact that, for given
initial states, line coupling depends on the branches to which
the considered optical transitions belong. ~ii! The second ap-
proximation is reasonable considering obvious symmetries
of the problem. It simply assumes the following equalities:
A~R ,R !5A~P ,P !,
A~Q ,R !5A~R ,Q !5A~P ,Q !5A~Q ,P !, ~7!
A~R ,P !5A~P ,R !,
that reduce the number of parameters to four @A(R ,R),
A(R ,Q), A(R ,P), and A(Q ,Q), for instance#. ~iii! Finally
one can get rid of the interbranch parameters A(Q ,R) and
A(R ,P) by using the fundamental sum rule,23
gk~T !52 (
k8Þk
dk8
dk
Re$^^k8uW~T !uk&&%, ~8!
which directly translates to
(
k
rk~T !dk
23gk~T !5(
k
(
k8Þk
rk~T !dkdk83A~k8,k !
3Kik8 ik~T !. ~9!
Restricting the sum over k to lines of the Q branch only leads
to a relation between A(R ,Q)5A(P ,Q) and A(Q ,Q). Then
applying the same equation to lines k of the P branch relates
A(R ,P) to A(P ,P)5A(R ,R) and A(Q ,P)5A(Q ,R). Once
the state-to-state rates and broadening coefficients are
known, the model is thus based on two parameters only
[A(R ,R) and A(Q ,Q) have been retained here#. They are
empirical and need to be determined from fits of measured
spectra as done in Sec. IV. Note that they do not depend on
the considered lines and that the same values are used for all
transitions and pressures.
The construction of the off-diagonal imaginary part of
W from theory is an intractable problem and Im$W% was
restricted to its diagonal part ~line shifts!. This approxima-
tion is likely sufficient considering the pressure range studied
and the fact that the off-diagonal terms are expected to be
small.. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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The semiclassical model used for line broadening in
Refs. 4, 12, 24, 25, was applied to the calculation of relax-
ation rate constants for CH4–Ar. ~The use of CH4–Ar state-
to-state rates to model the effect of CH4–N2 collisions on the
spectral shape is discussed in Appendix A.! Various modifi-
cation and improvements of the calculations described in
Ref. 12 have been implemented as described in Ref. 26. The
main points of the model are recalled below.
Several studies ~see Refs. 27–37! have been devoted to
the methane–rare gas interaction potential surface, which is
the starting point of the calculation. In the present work, a
Lennard-Jones-type atom–atom potential was used as de-
scribed in Ref. 24. Its tensorial expression is
Vat–at~R ,V1!5 (
l150,3,4,6
q5l1 ,l112,...
Fdql1G1 Dql1G1R121q2eql1G1 Eq
l1G1
R61qG
3D0
~ l1g ,l1gG1!
, ~10!
where R is the center-of-mass separation between the XY4
molecule and the atom. V1 represents the three Euler angles
giving the orientation of the XY4-fixed frame with respect to
a frame whose z axis is along the intermolecular axis. The
d
. . .
. . . and e
. . .
. . . are numerical coefficients. The D
. . .
. . . and E
. . .
. . . are
polynomials of the atom–atom Lennard-Jones parameters.
The D
. . .
. . . are symmetrized angular operators whose expres-
sions are given in Ref. 24. G1 is the symmetry in the Td
group of a given operator. G15A1 for l150, 4 or 6, and
G15A2 for l153. The order of development for radial parts
and angular operators as well as the values for the four
atom–atom parameters are the same as in Refs. 12, 25 for the
methane–argon system.
Starting from knowledge of the CH4–Ar interaction, the
calculations were done at room temperature. As developed in
Ref. 12, the rotational energy relaxation rate constant ~in
units of cm21/atm! from quantum state i to state j is given by
K j i5
n v¯
2pc Erc0
`
drcrcS vc8v¯ D
2
S2,i! j8 ~rc , v¯ !. ~11!
In this expression, n is the density of collision partners for 1
atm at the considered temperature and v¯ is the mean relative
velocity. rc0 is the distance of closest approach and vc8 is the
apparent velocity on the equivalent straight line trajectory.
S2,i! j8 (rc , v¯) is the renormalized second order collision prob-
ability ~see below!. In Ref. 12 calculations were done at one
single velocity ~the mean thermal velocity!. Nevertheless, it
seems more realistic to take into account the effect of the
change in internal energy which is gained or lost by the
relative translational degrees of freedom. For the present cal-
culations, the velocity at infinite impact parameter was thus
set to depend on the particular couple of states under consid-
eration. This was done by replacing the mean thermal veloc-
ity by an effective velocity defined by
v i! j
eff 5
v initial1vfinal
2 5
v¯
2 F11S 12 DEi! jm v¯2/2 D
1/2G , ~12!
Downloaded 03 Sep 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstractwhere m is the reduced mass and DEi! j5E j2Ei is the en-
ergy involved in the considered rotational transfer. Since this
modification can lead to unrealistic results for large positive
values of DEi! j , Eq. ~12! was applied to downward colli-
sions only and upward transitions were deduced from the
detailed balance relationship @r iK j i5r jKi j# .
One important problem in semiclassical calculations is
that the S2 function can take values larger than one for small
impact parameters. Although this problem may be partly
avoided through the parabolic trajectory model, it is more
correct to introduce a normalization condition for the matrix
elements of the diffusion operator. We used the procedure
introduced in Ref. 38, and first set
S2,i~rc , v¯ !5(jÞi S2,i! j~rc , v¯ !, ~13!
where S2,i! j is defined as in Ref. 12 ~i.e., without any renor-
malization condition!. Then we define
S¯ 2,i! j~rc , v¯ !5S2,i! j~rc , v¯ !, if S2,i! j~rc , v¯ !<1,
~14!
S¯ 2,i! j~rc , v¯ !51, if S2,i! j~rc , v¯ !>1.
Using these new probabilities, one can define
S¯ 2,i~rc , v¯ !5(j S
¯ 2,i! j~rc , v¯ !. ~15!
The renormalized probabilities used in Eq. ~11! are then
given by
S2,i! j8 ~rc , v¯ !5
S¯ 2,i! j~rc , v¯ !
S¯ 2,i~rc , v¯ !
@12exp~S2,i~rc , v¯ !!#. ~16!
The limitations of calculations of state-to-state rates with
the present approach have been discussed previously.12,38
Among these is the fact that the semiclassical approach fails
down when large internal energy changes are considered;
this limits application of the model to states for which
uDEi! ju is small when compared with kinetic energy ~i.e.,
'kBT). Hence results for DJÞ0 transfers between high ro-
tational quantum number J levels are likely inaccurate. For-
tunately, the states associated with lines within a given P or
R manifold practically have the same energy so that only
quasiresonant collisions are involved. An other limitation is
due to the use of limited expansions of the potential and of
the diffusion operator. As a results some transfers are miss-
ing in the model and this affects all results through the renor-
malization procedure. For instance, the DJ53 rates com-
puted with the present approach result from the single
‘‘jump’’ associated with the potential matrix element ^J
13uVuJ&; they do not include contributions associated with
higher order terms in the expansion of the diffusion operator
~such as ^J13uVuJ11&3^J11uVuJ& or ^J13uVuJ12&
3^J12uVuJ11&3^J11uVuJ&). Hence one expects that the
present approach correctly predicts only the main channels,
that have the largest rates and involve reasonable changes in
internal energy and quantum numbers.. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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The data required for computations using Eq. ~1! are the
position sk , population rk , and dipole matrix element dk of
each line k, and elements of the relaxation operator.
In the present work, all the sk , rk , and dk parameters
have been taken from the 1996 version of the HITRAN
database.39
Values of the diagonal elements of W ~half-widths gk
and shift dk of the lines! for CH4–N2 have been determined
as follow: a first set was constructed, for all lines centered in
the spectral range studied, by multiplying the CH4–air values
of HITRAN by the factor 1.02.6,40 When possible, the values
for the n3 band lines of 12CH4 were then replaced by mea-
sured data. This was done using the experimental results of
Refs. 6, 9, and 40, privileging the more recent data provided
by Pine.9
Only the real part of the off-diagonal elements of W was
considered and coupling was restricted to the n3 band of
12CH4. Hence the contributions of all the other lines (13CH4,
hot and combination bands,...! were computed neglecting
line mixing, through the addition of Lorentzian ~Voigt! pro-
files. Fortunately, this approximation has little consequences
on computed results since absorption in the studied region is
largely dominated by the contribution of the n3 band. Within
these approximations, the Re$^^k8uW(T)uk&&% terms were cal-
culated, up to J517 ~'400 lines! using Eq. ~6! and state-to-
state rates calculated as described in Sec. III C. The values of
A(R ,R) and A(Q ,Q) were determined as explained below
and the other A(X ,Y ) parameters were deduced from Eqs.
~7! and ~9!. Note that the use of cross sections for CH4–Ar in
order to model CH4–N2 spectra is discussed in Appendix A
and that selection rules are the subject of Appendix B.
In order to adjust the A(R ,R) and A(Q ,Q) empirical
constants, the 25 atm spectrum has been used. Least squares
fits of measured absorption in the Q branch region and the
R(8) manifold were made with the model and data described
above. The choice of the particular R(8) manifold results
from three reasons; the first is that the R branch is more
adapted for the determination of A(R ,R)5A(P ,P); indeed,
n3 lines within the manifolds are more closely spaced and
less contaminated by transitions of other bands in the R
branch than in the P branch. The second point is that impor-
tant line-mixing effects ~and thus high sensitivity to A! occur
for high rotational quantum numbers. Increased accuracy on
A(R ,R) is thus expected from the use of high J manifolds.
The last reason is that the retrieved value is clearly depen-
dent on the line-broadening and -shifting parameters used in
the calculation. The latter must be reliable and this constraint
practically restricts the choice to the lines studied in Ref. 9.
For all these reasons the R(8) manifold is a good compro-
mise and was retained for the fit of the A(R ,R) constant. The
final parameters are A(R ,R)50.58 and A(Q ,Q)50.30.
Through Eq. ~9! they lead to A(Q ,R)50.47 and A(P ,R)
'0 and the other parameters are given by Eq. ~7!. Note that
these values connect state to state rates to line mixing param-
eters but also include the change from CH4–Ar to CH4–N2
collisions. Figures 1 and 2 show the quality of the fit. Values
calculated using purely Lorentzian line shapes have also
been plotted, that indicate the important effect of line mix-Downloaded 03 Sep 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstracting; as is now well known, the collisional transfers between
optical transitions lead to a narrowing of the spectral shape.
Note in Fig. 1 that the profiles of the R(7) and R(9) mani-
folds, not used in the fit, are correctly predicted by the
model.
V. RESULTS AND DISCUSSION
The laboratory spectra at our disposal, recorded by the
experimental groups listed in Table I, are used in order to
assess the quality of the theoretical approach. The large va-
riety of pressure conditions ~from 0.25 to 80 atm! provides
an extensive test of the model. Comparisons are made be-
tween measured values and results computed with and with-
out the inclusion of line mixing.
A. High pressure absorption
Figures 3 and 4 present results obtained in the P and R
branches of the n3 band for a total pressure of 50 atm and
values of the initial level quantum number J between 5 and
FIG. 1. Absorption in the R(7) – R(9) manifolds for the pressure of 24.4
atm. d are measured values, whereas — and --- have been calculated with
and without the inclusion of line mixing, respectively. Obs2calc deviations
are given in the lower part of the plot and the spectral line structure is
indicated by the vertical bars.
FIG. 2. Absorption in the Q branch for the pressure 24.4 atm. Same legend
and symbols as in Fig. 1.. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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large errors and that our model gives satisfactory predictions.
Note that our approach leads to almost perfect results for the
manifolds where accurate measured line-broadening data
were available and could be used. This is particularly clear in
the R branch ~Fig. 4! where the quality of the model breaks
down above J'10 which is the highest value studied in Ref.
9. For J.10, we had to use the HITRAN values of gk and
dk . The fact that the quality of these parameters is question-
able for transitions where no measurements have been made
seems a possible explanation of the increase of discrepancies
between measured and computed absorption. Indeed, the
number quantifying the precision of these data given in HI-
TRAN for these lines is 2 which corresponds to ‘‘average of
estimated value’’; the broadening coefficients of high J R(J)
lines have been set to average values41 with very approxi-
mate dependence on quantum numbers. Line-mixing effects
are underestimated, likely due, in part, to the use of overes-
timated values of the line broadening parameters as will be
confirmed latter. Note that this does not explain the results
for R(12) whose excessive narrowing remains unexplained
FIG. 3. Absorption in the P branch for the pressure 49.0 atm. Same legend
and symbols as in Fig. 1.
FIG. 4. Absorption in the R branch for the pressure 49.0 atm. Same legend
and symbols as in Fig. 1.Downloaded 03 Sep 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstractand that better results are obtained in the P branch, probably
thanks to the measured values of gk given in Ref. 40. Fi-
nally, the quality of the predictions in Fig. 4 shows that
assuming a constant A(R ,R) parameter for all R lines is
reasonable. Furthermore, the approximation A(P ,P)
5A(R ,R) is validated by the results obtained in the P branch
~Fig. 3!. All the preceding conclusions hold for the 25, 50,
and 80 atm spectra.
An overall picture of the influence of collisional transfer
on the ‘‘whole’’ n3 band is given in Fig. 5, which shows the
relative errors on the computed values. The increase, with J,
of the errors obtained when line mixing is neglected is well
evidenced. The broadening of spectral features is then over-
estimated leading to overestimation of absorption in the
troughs and underestimation of peak values by a factor of up
to 2. Note that the quality of our approach is confirmed ex-
cept for the lines on the high frequency side of the band
FIG. 5. Absorption in the n3 band for the pressure 49.0 atm. Measured
values are plotted in the upper part. ~Obs2calc!/obs relative deviations are
displayed in the lower part where — and --- have been calculated with and
without the inclusion of line mixing, respectively.
FIG. 6. Absorption in the high J(14– 16) P and R manifolds for the pres-
sure 24.2 atm. d are measured values, whereas — and --- have been calcu-
lated with and without the inclusion of line mixing, respectively.. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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Comparison between the measured and Lorentz profile in
this plot also shows the transfer of absorption from the re-
gions of weak absorption ~troughs! to those of intense ab-
sorption ~centers!. It is worth noting that some particular
features due to line mixing are predicted by our model: it is
the case of the narrow peak on the left side of the P(15)
manifold, which is absent from the purely Lorentzian calcu-
lation.
For a synthetic view of the effects of collisions, we have
determined the half-width at half-maximum G(PN2) of each
absorption feature ~Q branch, R and P manifolds! in the P
525, 50, and 80 atm spectra. The values obtained have been
fitted by the linear law
G~PN2!5Ds1PN23g
Eff
. ~17!
The parameter Ds is representative of the spectral dispersion
of the transitions that compose the considered feature; it is of
the order of the intensity weighted root mean square of the
line positions as suggested in Ref. 42 and confirmed by the
numerical values obtained here. geff represents the effects of
collisions and is related to the relaxation operator elements
by13
geff5(
k
(
k8
rk~T !dkdk83Re$^^k8uWuk&&%, ~18!
where the sums are restricted to lines centered within the
considered spectral feature. The values of G deduced from
measured absorption in the Q branch and in the R(5),
R(10), and R(15) manifolds are plotted in Fig. 7 together
with the fit using Eq. ~17!. It is clear from the slopes that
collisions ~i.e., the pressure! have effects that decrease with
J. One can also check that the zero pressure intersect does
represent the spectral distribution of line intensities. Values
of geff deduced from measured and computed spectra are
plotted in Fig. 8, where results in the P, Q, and R branches
are displayed. It is clear that the broadening coefficient of the
manifold decrease with increasing J while the effects of line
mixing become more and more important. When line cou-
FIG. 7. Half-widths G of some absorption features in measured spectra vs
total pressure. j, n, d, and , have been obtained for the Q branch and the
R(5), R(10), and R(15) manifolds, respectively. The straight lines are lin-
ear fits.Downloaded 03 Sep 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstractpling is neglected, errors reach about a factor of 2. Although
not perfectly, our model accounts for most of the character-
istics of the influence of rotational quantum numbers on the
spectral shape at high pressure. Note that the decrease of geff
results from the increasing number of states in the manifold
@and in the sum in Eq. ~18!#, whose associated line coupling
terms are quasiresonant ~the lower state energies of lines
within a manifold are almost equal!. Analysis of the relax-
ation elements also shows that coupling between manifolds J
and J8 strongly decrease with J, J8, and DJ5uJ2J8u. This
is expected since the associated rotational energy jump DE
'5DJ3(J1J811) cm21 quickly becomes comparable
with the kinetic energy @DER(J11)2R(J)558, 144, and 230 K
for J53, 9, and 15, respectively#. Nevertheless, the pressures
investigated in the present work are too small for significant
effects of intermanifold mixing; indeed, P3geff is smaller
than about 3 cm21, whereas the spectral gap between adja-
cent manifolds is of the order of 10 cm21.
B. Low pressure absorption
As pressure decreases, collisional effects become less
important and the central part of the absorption shape be-
comes dominated by the spectral distribution of the isolated
lines.43 On the other hand, detailed information on what hap-
pens inside the spectral structures can be brought by low
pressure absorption. Indeed, it is well established that for
spherical-top molecules, collisional transfer rates are ex-
tremely selective with respect to molecular symmetry species
Cn ~Refs. 44, 45, and references therein!. In the following,
the regions near the centers of P and R manifolds are con-
sidered. Results in the Q branch are not presented since the
highest pressure studied ~1 atm! is too low to induce large
line-mixing effects ~they remain lower than a few %!. The
influence of line mixing will then be demonstrated in the
next section by considering the wings which, as is well
known,46 is affected at all pressures.
The effect of pressure on the R(8) manifold is shown in
Fig. 9. It is clear that the proposed model leads to better
FIG. 8. Effective broadening coefficients geff @see Eq. ~17!# of the n3 band
features. Values in the R and P manifolds are plotted vs rotational quantum
number m (2J and J11 for P and R lines, respectively! and the results for
the Q branch are given at the position m50. j have been obtained from
measured spectra; s and 3 were deduced from absorption calculated with
and without the inclusion of line mixing, respectively.. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
7725J. Chem. Phys., Vol. 110, No. 16, 22 April 1999 Pieroni et al.FIG. 9. Effect of pressure on the shape of the R(8) manifold. d are measured values, whereas — and --- have been calculated with and without the inclusion
of line mixing, respectively. Obs2calc deviations are given in the lower part of the plot. The spectral line structure and nuclear spin symmetry of the lower
levels are indicated by the vertical bars. ~a!, ~b!, and ~c! are for PN250.493, 0.987, and 2.05 atm, respectively.results than the purely Lorentzian calculation, regardless of
the pressure. Note that there is no coupling between the tran-
sitions of the high frequency side which have different
nuclear spin symmetries ~A, E, and F! contrary to the lines
on the low frequency side of the manifold where mixing
between the F1,2 components occurs. As the pressure in-
creases, the coupled lines overlap, forming an unique cluster,
which is centered at the intensity weighted average of the
line positions. Its magnitude becomes higher than that of the
feature on the high frequency side, contrary to what is pre-
dicted when line mixing is neglected.
Figures 10 and 11 display some P and R manifolds—
where accurate values for the isolated line parameters9 have
been used for computations—giving a picture of the high
selectivity of collisional processes among the tetrahedral
components. Again, the main characteristics of line mixing
are reproduced by our approach; the effects of the coupling
between the F1,2 ~and A1,2) components in the low frequency
cluster are correctly predicted. Furthermore, our model does
well account for the lack of coupling between the two F
components of the high frequency cluster in the R(7), P(9),
and R(9) manifolds @Figs. 10~a!, 11~a!, 11~b!#. Simple fitting
laws would not allow to reproduce these results, as discussed
in Appendix B. The P(9) and R(9) manifolds @Figs. 10~a!
and 11~b!# although they involve the same sequence of lower
state symmetry, have quite different shapes due to differ-Downloaded 03 Sep 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstractences in the rotational structure of the upper levels. In the
case of the R(9), the A2 , F2 , F1 , and A1 on the left are
closely spaced and collapse into a unique structure whereas
only the F2 and F1 merge into a peak in the more sparse
P(9) manifold.
Results obtained for some high J lines are displayed in
Fig. 12. Again, the manifolds include two clusters, that on
the low frequency side being the one where line-mixing ef-
fects occur. For the high frequency feature, Lorentz and
coupled calculations lead to the same results since the asso-
ciated lines have different nuclear spin symmetries and thus
do not mix. The broadening of these features is strongly
overestimated by both models. This confirms that the line-
broadening coefficients gk used, which are estimates pro-
vided by the HITRAN database, are too large. Note that this
might also explain the fact that the narrowing of the left
cluster in the R(16) manifold is underestimated by our ap-
proach. On the contrary, precise values40 were used for the
mixed components of the P(12) manifold where predictions
of our model are satisfactory.
Remaining problems are illustrated by the spectra in Fig.
13. Again, the calculated spectral features on the right-hand
sides are not affected by line mixing but are too broad. The
shapes of the left clusters are improperly predicted by our
line mixing model likely due to overestimation of some of
the matrix elements involved. At elevated pressure ~see Fig.. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
7726 J. Chem. Phys., Vol. 110, No. 16, 22 April 1999 Pieroni et al.FIG. 10. Absorption in the P(9) ~a! and P(6) ~b! manifolds, for the pressure of 0.974 atm. Same legend and symbols as in Fig. 9.3!, this ‘‘local’’ effect results in overestimated narrowing of
the R(12); in the R(11) manifold it is masked ~compen-
sated! by the overestimation of the widths of the second and
third peaks in Fig. 13.
The effect of total pressure on absorption at the peak of
the coupled feature in the R(8) and R(16) manifolds is plot-
ted in Fig. 14. The results show the consistency between the
FT and TDFS measurements and emphasize the increase of
line-mixing effects with pressure and rotational quantum
number. Note that, for 0.25 atm, contrary to the R(8) mani-
fold, line coupling between the R(16) lines cannot be ne-
glected, and should be accounted for in computations of
stratospheric absorption. For an overall picture of the influ-
ence of line-mixing and of the quality of the models we have
determined relative errors on peak absorption at '1 atm. The
variations of relative errors with J, plotted in Fig. 15, again
confirm the consistency of the measurements made in Paris
and Madrid. The results obtained with the models are ex-
pected in view of those plotted in Fig. 8, remembering that
overestimation of the broadening leads to underestimation of
peak absorption ~and vice versa!. Neglecting line mixing
leads to errors that increase with J and reach a factor of about
2. The agreement with measured values is significantly im-
proved by using our model. The latter accounts for mostDownloaded 03 Sep 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstractcharacteristics of the J dependence although, as discussed
above, some problems remain.
C. Towards atmospheric transmissions
The fundamental quantities involved in atmospheric ap-
plications are the transmissions t of the layers that compose
the considered optical path. They enable computation of a
number of atmospheric characteristics ~emission, absorption,
cooling rate, greenhouse effect,...!. For a first check of the
need to account for line mixing when atmospheric spectra
are considered, a ‘‘representative’’ transmission spectrum
was recorded in the laboratory for PCH458.2310
23 atm,
PN250.985 atm, and L520.1 m. In terms of methane ab-
sorption, these conditions are close to those of a 100 km long
horizontal path at ground level. Measured and computed re-
sults are compared in Fig. 16 where details in the Q and R
branch regions are plotted. The n3 band lines are all satu-
rated and the narrowing due to line mixing is seen in their
wings. The purely Lorentzian approach underestimates trans-
mission whereas our approach leads to a significant improve-
ment of the calculated values beyond the Q branch head and
in-between the R manifolds. These results, and those of Sec.
V B, show that great care should be taken in the determina-. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
7727J. Chem. Phys., Vol. 110, No. 16, 22 April 1999 Pieroni et al.FIG. 11. Same as Fig. 10, but for the R(7) ~a! and R(9) ~b! manifolds.tion of CH4 mixing ratios from infrared spectra since line
mixing may strongly affect the spectral feature ~or its back-
ground absorption! retained for the retrieval. Furthermore,
use of isolated-line models ~Voigt! should be avoided for
precise computations of cooling rates and greenhouse effect.
Indeed, estimates of contribution of methane to the atmo-
spheric emission and the absorption of solar radiation can be
made using the spectrum of Fig. 16. These quantities, inte-
grated over the n3 band are given by
Emitted intensity:
IE5E
2800
3200
@12t~s!#3IBB~s ,300 K!3ds ,
Absorbed solar intensity:
IA5E
2800
3200
t~s!3IBB~s ,5600 K!3ds , ~19!
where IBB(s ,T) is the black body radiance for wave number
s and temperature T. Values of IE and IA have been calcu-
lated from Eq. ~19! using measured and computed values of
t~s!. The relative errors DI5(12ICalc/IExp) are DIE5
23.1% and DIA515.8% when line mixing is neglected
whereas DIE520.6% and DIA511.5% are obtained with
our approach. These values confirm the need to account forDownloaded 03 Sep 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstractline mixing in atmospheric radiative transfer computations
and demonstrate the improvement brought by our model.
VI. CONCLUSION
The model presented in this paper is based on semiclas-
sical state-to-state rates and two empirical parameters only. It
is thus, in its principle, quite different from the purely em-
pirical approaches proposed by Pine9 and Benner.11 The lat-
ter lead, of course, to much better agreement with measure-
ments and fulfill the high precision requirements of practical
applications; on the other hand, they have limited predictive
capabilities since they are restricted to spectral regions where
proper laboratory measurements have been made and treated.
Test of our model using new high and low pressure mea-
surements show that calculations are quite satisfactory up to
rotational quantum numbers of about J510. Above this
value, the main characteristics of the effects of line mixing
are predicted but agreement with measurements is only
qualitative, particularly in the R branch. Three main expla-
nations stand for the increase of discrepancies with J. The
first is related to the approximate nature of the state-to-state
rates used here whose quality highly relies on the potential
surface and the semiclassical approach. The second point is
the intrinsic approximation of the model that assumes con-. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
7728 J. Chem. Phys., Vol. 110, No. 16, 22 April 1999 Pieroni et al.FIG. 12. Same as Fig. 10, but for the manifolds; ~a! P(12) at 0.973 atm; ~b! R(16) at 2.01 atm.
FIG. 13. Same as Fig. 10, but for the manifolds; ~a! R(11) at 0.973 atm; ~b! R(12) at 1.98 atm.Downloaded 03 Sep 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
7729J. Chem. Phys., Vol. 110, No. 16, 22 April 1999 Pieroni et al.FIG. 14. Effect of pressure on peak
absorption in the R(8) ~a! and R(16)
~b! manifolds. s and d are values
measured by groups G2 and G3, re-
spectively. — and --- have been calcu-
lated with and without the inclusion of
line mixing.stant A(R ,R),A(R ,P),. . . parameters. Indeed, previous re-
sults for CO2 ~Ref. 13! indicate that interbranch ~resp. intra-
branch! mixing strongly decrease ~resp. increase! with
increasing J. Use of a constant intrabranch parameter
A(R ,R) determined from absorption for J58 should thus
lead to underestimation of line-mixing effects for high rota-
tional quantum number manifolds, as observed here. The last
reason is the lack of precision of some of the line-broadening
coefficients used. Indeed, there is strong evidence that the
parameters available,39 which are estimated values,41 are too
large hence explaining that the widths of high J manifolds
are overestimated. Note that other problems remain that have
been pointed out; for instance, some line-coupling elementsDownloaded 03 Sep 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstractwithin the R(11) and R(12) manifolds are clearly overesti-
mated. Finally, it is worth recalling that the present paper
confirms that atmospheric spectra are affected by line mix-
ing. This should be accounted for while retrieving methane
mixing ratios and computing cooling rates.
Future studies should be based on improved parameters
of isolated lines among which half-widths should receive
particular attention since they have crucial influence on
analysis of line-mixing effects. The effects of temperature
should then be studied together with the influence of the
collision partner @e.g., He which may have a particular be-
havior ~Refs. 13, 47, 48!. These references show that colli-
sions with He lead to effects on CO2 and N2O spectra thatFIG. 15. Relative errors on the com-
puted peak absorption of the n3 band
features for a pressure of about 1 atm.
Values in the R and P manifolds are
plotted vs rotational quantum number
m. s and d are values deduced from
measurements by groups G2 and G3,
respectively. ~a! Results obtained with
our model. ~b! Results obtained ne-
glecting line mixing.. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
7730 J. Chem. Phys., Vol. 110, No. 16, 22 April 1999 Pieroni et al.are different from those induced by collisions with Ar, O2,
and N2 ~the effects of line mixing are significantly more
important leading to more narrow profiles!, and H2 which is
of interest for application to Jupiter#. Finally, investigations
should be made in bands other than n3 ~e.g., the n2 , n4 dyad
for atmospheric emission, and the 2n3 region which contrib-
utes to the absorption of solar radiation!. Finally comparison
FIG. 16. Transmission in the n3 band for the conditions PCH458.2
31023 atm, PN250.985 atm, and L520.1 m. d are measured values;
— and --- have been calculated with and without the inclusion of line
mixing, respectively. Shifted obs2calc deviations are displayed in the lower
part of the plots. ~a! High frequency near wing of the Q branch. ~b! Region
of the R(10) – R(13) manifolds.Downloaded 03 Sep 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstractof the relaxation operators and calculated spectra obtained
with the present model and the empirical approach of Ref. 11
might bring useful information on collisional processes.
These issues will be considered in forthcoming papers.
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APPENDIX A: CH4–N2 AND CH4–Ar COLLISIONS
The model presented in this work starts from semiclas-
sical calculations of collisional state-to-state relaxation rates
for the methane–argon system, these data being used for a
study of CH4–N2 mixtures. Since magnitude scaling factors
A have been used @Eq. ~6!#, our approach assumes that col-
lisional transfers induced by collisions with N2 and Ar verify
K j i
N2 5a3K j i
Ar and
Re$^^k8uWN2uk&&%5a3Re$^^k8uWAruk&&%, ~A1!
where a is a constant, independent on the quantum states i
and j and on the lines k and k8. The lack of detailed data for
CH4–N2 collisions forbids direct study of the quality of this
approximation. Nevertheless, the line broadening parameters
gk and first order line mixing coefficients Y k of Ref. 9 enable
a first check of Eq. ~A1!. Indeed, Fig. 17 shows that the ratio
of values for Ar and N2 is practically independent on the
considered line. This is an indication that, at least on a global
point of view, Eq. ~A1! is reasonable since the parameters in
Fig. 17 are related with the relaxation operator matrix ele-
ments by Eq. ~2! and8,9
Y k523 (
k8Þk
dk8
dk
3
Re$^^k8uWuk&&%
sk2sk8
. ~A2!FIG. 17. Comparison between values
of collision parameters for CH4–Ar
and CH4–N2 collisions. d are values
measured for R and P lines (J<10) in
the n3 band at room temperature ~Ref.
9!. ~a! Line-broadening coefficients
gk ; ~b! First order line-mixing coeffi-
cients Y k .. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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Selection rules for rotational energy transfer by collision
in spherical-top molecules have been discussed in a number
of papers ~see Refs. 12, 44, 45, 49, and those therein!. Nev-
ertheless, these studies mostly deal with DJÞ0 and little is
known on propensity rules for the quasiresonant DJ50
transfers that are involved by line mixing within P and R
manifolds.
In Ref. 10, a first collisional selection rule was intro-
duced, which assumes that line mixing between transitions
involving states of different ~A,E,F! nuclear spin symmetries
are negligible. Latter on, Benner et al.11 determined some
relaxation matrix elements from fits of laboratory spectra;
they empirically found that better agreement between ob-
served and recomputed spectra was obtained when
(A or F)1 (A or F)1 and (A or F)2 (A or F)2 line-
coupling ~for DJ50) terms were set to zero. The final set of
selection rules is then summarized in Table II. We checked if
in our model, the same rules hold. That related with the
nuclear spin is of course verified since the potential used in
the semi classical calculations contains no term permitting
transfer between A, E, and F states. In order to check that
1 1 and 2 2 changes are small, we have considered
transfers between levels of a given J value ~which compose
the R and P manifold!. For these states, we have computed
the sums
S~J ,X ,Y !5(
iPX
(jÞiPY r i3K j iY (iPX r i
for X ,Y5F1 ,F2 or A1 ,A2 . ~B1!
The numerical values show that the S(J ,X ,X) parameters are
very small ~about 2%! when compared with the S(J ,X ,Y
ÞX) thus confirming the conclusion, made in Ref. 11, that
1 1 and 2 2 transfers within a given J can be neglected.
This results from the fact that 1$2 changes are induced by
a third order term of the potential whereas the 1 1 and 2
 2 transitions result from higher rank terms.
Analysis of the results in Figs. 10 and 11 has shown that
some F1 and F2 lines are largely coupled whereas some
others are not. This demonstrates the high selectivity of col-
lisional processes and makes statistically based fitting laws50
inappropriate for the modeling of line mixing in methane
spectra. The widely used exponential gap law, for instance,
is given by
K j i5a3exp~2buDE j iu!. ~B2!
Although parameters a and b depending on the nuclear spin
of the i and j levels are used,34,51 Eq. ~B2! will fail in mod-
TABLE II. Selection rules of the line-coupling relaxation matrix elements.
k\k8 F2 F1 F1 F2 A2 A1 A1 A2 E E
F2 F1 N Y N N N
F1 F2 Y N N N N
A2 A1 N N N Y N
A1 A2 N N Y N N
E E N N N N YDownloaded 03 Sep 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstracteling line mixing. Indeed, within a given manifold, DE j i is
practically zero; all collisional transfers between F1 and F2
lines are then identical ~i.e., K j i5aF2,F1) in contradiction
with the results in Fig. 11~a!. The failure of fitting laws was
already noted in Refs. 34, 44, 45 but is also confirmed by
some results that we have obtained prior to the development
of the model presented here. At that time, we used Eq. ~B2!
and determined the a and b constants from fits of high pres-
sure spectra. Satisfactory results were obtained above 25 atm
but the model totally failed in predicting the shape of mani-
folds at low pressures.
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